Plasma levels of HDL apo A-I are reduced in individuals with low HDL cholesterol (HDL-C) concentrations as a result of increased fractional catabolic rates (FCRs). To determine the basis for the high apo A-I FCRs, seven subjects with low HDL-C levels (31.0 +/-4.3 mg/dl) were compared with three subjects with high HDL-C levels (72.0 +/-4.5 mg/dl). Each subject received autologous HDL that was labeled directly by the iodine-monochloride method (whole-labeled) and autologous HDL that was labeled by exchange with homologous radiolabeled apo A-I (exchange-labeled). Blood was obtained for 2 wk, specific activities determined, and FCRs (d-1 +/-SD) estimated. In every subject, whether in the low or high HDL-C group, the exchange-labeled FCR was greater than the whole-labeled FCR. The exchange-labeled FCR was higher in the low HDL-C group (0.339 +/-0.043) versus the high HDL-C group (0.234 +/-0.047; P < 0.009). The whole-labeled FCR was also greater in the low HDL-C group (0.239 +/-0.023) versus the high HDL-C group (0.161 +/-0.064; P < 0.02). In addition, in both low and high HDL groups ultracentrifugation resulted in more radioactivity in d > 1.210 (as percentage of total plasma counts per minute) with the exchange-labeled tracer than with the whole-labeled tracer (12.55 +/-4.95% vs. 1.02 +/-0.38%; P < 0.003). With both HDL tracers, more […] Abstract Plasma levels of HDL apo A-I are reduced in individuals with low HDL cholesterol (HDL-C) concentrations as a result of increased fractional catabolic rates (FCRs). To determine the basis for the high apo A-I FCRs, seven subjects with low HDL-C levels (31.0±4.3 mg/dl) were compared with three subjects with high HDL-C levels (72.0±4.5 mg/dl). Each subject received autologous HDL that was labeled directly by the iodinemonochloride method (whole-labeled) and autologous HDL that was labeled by exchange with homologous radiolabeled apo A-I (exchange-labeled). Blood was obtained for 2 wk, specific activities determined, and FCRs (d-'+SD) estimated. In
every subject, whether in the low or high HDL-C group, the exchange-labeled FCR was greater than the whole-labeled FCR. The exchange-labeled FCR was higher in the low HDL-C group (0.339±0.043) versus the high HDL-C group (0.234 ±0.047; P < 0.009). The whole-labeled FCR was also greater in the low HDL-C group (0.239±0.023) versus the high HDL-C group (0.161±0.064; P < 0.02). In addition, in both low and high HDL groups ultracentrifugation resulted in more radioactivity in d > 1.210 (as percentage of total plasma counts per minute) with the exchange-labeled tracer than with the wholelabeled tracer (12.55±4.95% vs. 1.02±0.38%; P < 0.003). With both HDL tracers, more radioactivity was found in d > 1.210 in the low versus the high HDL-C groups. When apo A-I catabolism was studied by perfusing isolated rabbit kidneys with whole-labeled HDL, there was twice as much accumulation (cpm/g cortex) of HDL apo A-I isolated from subjects with low HDL-C than from subjects with high HDL-C (P < 0.0025). Finally, HDL that had been isolated from subjects with high levels of HDL-C was triglyceride enriched and exposed to partially purified lipases before perfusion through kidneys. Threefold more apo A-I from modified HDL accumulated in the cortex compared with the unmodified preparation (P < 0.007). The results of these in vivo and ex vivo studies indicate that individuals with low HDL-C levels have more loosely bound, easily exchanged apo A-I and that this exchangeable apo A-I is more readily cleared by the kidney. (J. Clin. Invest.
Introduction
Plasma concentrations of HDL cholesterol are significantly and inversely related to risk for developing coronary heart disease (1) (2) (3) . Individuals with low plasma levels of HDL cholesterol also have reduced concentrations of apo A-I, and low plasma apo A-I levels are also associated with increased risk for coronary heart disease (4) . Reduced plasma levels of apo A-I could result from decreased secretion into plasma or increased fractional removal from plasma of this apolipoprotein. Data from several laboratories have demonstrated that increased HDL apo A-I fractional catabolic rates (FCRs)' and not reduced rates ofapo A-I secretion into plasma are associated with low apo A-I concentrations (5) . Additionally, recent studies indicate that high apo A-I FCRs are associated with low HDL levels in subjects with either hypertriglyceridemia or normal plasma triglyceride concentrations (6, 7) .
Neither the mechanisms underlying accelerated fractional catabolism nor the sites of increased removal of apo A-I from plasma have been clearly delineated. Of interest in this regard are the studies by Glass et al. (8, 9) , which demonstrated that the kidney is a major site of HDL apo A-I catabolism and that this organ can accumulate HDL apo A-I without core lipid components. These results suggested uptake and catabolism of "free" apo A-I by that organ. Apo A-I can exchange among lipoprotein particles in vivo (10) , indicating that it has the ability to associate with and dissociate from HDL (as well as other lipoproteins). Indeed, free apo A-I has been identified in plasma by several investigators (11) (12) (13) (14) and increased free apo A-I is present in plasma ofpatients with renal failure (1 5) . Apo A-I has been shown to be filtered by the glomerulus (16) and has been measured in urine from normal individuals (17) and from nephrotic patients (18). The quantitative importance of the kidney in apo A-I catabolism was suggested by the recent studies of Goldberg et al. (19) , which demonstrated that increased apo A-I FCRs in hypertriglyceridemic monkeys were associated with increased renal catabolism of this apolipoprotein.
On the basis of these data, we hypothesized that increased fractional catabolism of apo A-I in subjects with low plasma apo A-I from HDL particles and subsequent clearance of free apo A-I by the kidney. To identify and characterize the metabolism of the loosely bound (or more readily dissociable) pool of apo A-I, we performed turnover studies using a dual-tracer approach. HDL was either radioiodinated directly (whole-labeled) or by exchange with pure apo A-I (exchange-labeled), and these tracers were used to determine apo A-I FCRs in individuals with high and low concentrations of HDL cholesterol. In addition, isolated perfused rabbit kidneys were used to compare renal uptake of HDL isolated from subjects with low and high HDL cholesterol concentrations. Finally, renal uptake of HDL modified by triglyceride enrichment followed by exposure to lipoprotein lipase (LPL) and hepatic triglyceride lipase (HTGL) was also determined. Our results indicate that subjects with low plasma levels of HDL cholesterol have increased apo A-I FCRs because they have more loosely bound, more easily exchanged apo A-I that is more readily cleared by the kidney.
Methods
Subjects. Men identified as having either low (< 25th percentile) or high (> 90th percentile) plasma HDL cholesterol concentrations before any dietary intervention were recruited from a patient population referred to our lipid clinic for evaluation and from staffand students at the Health Sciences Campus of Columbia University. The subjects with low HDL cholesterol levels had been eating an American Heart Association (AHA) Step 1 diet for periods ranging from several weeks to several years. Some of these men had previously been treated with lipid-altering agents but had not received any lipid-lowering agent for > 6 wk before study. Each subject with a high plasma HDL cholesterol level was instructed in the AHA diet by one of our research dietitians 2-3 wk before study. None ofthese men had ever received a lipid-altering drug. None of the study subjects in either group had any other disease nor were they taking any medication known to affect lipid metabolism. This study was approved by the Institutional Review Board at our medical center and each subject consented to participate in the study.
Turnover protocol. Blood was obtained by venipuncture after a 12-14-h fast for isolation of lipoproteins. Plasma HDL of density 1.063-1.210 was isolated by sequential ultracentrifugation using sterile techniques (7) . HDL was whole-labeled with 1251, using a modification of the method described by McFarlane (7, 20) . Homologous apo A-I was radiolabeled similarly with '"'I. Exchange-labeled HDL was prepared by incubating the '31I-apo A-I with a separate aliquot of the subject's HDL at 370C for 30 min, followed by reisolation of the HDL by ultracentrifugation. Approximately 20 jg of radiolabeled apo A-I was incubated with 500 ,ug of HDL; these quantities were chosen so that the labeled apo A-I would exchange with unlabeled apo A-I without increasing the actual apo A-I content of the lipoprotein (21 ) . The two radiolabeled HDL tracers were injected within 24 h of preparation.
Subjects were admitted to the General Clinical Research Center (GCRC) 1 d before injection with the radiolabeled lipoproteins. After an overnight fast, a sample ofblood was obtained and 25 ,Ci of 13I-apo A-I-HDL and 75 tCi of '25I-HDL were injected intravenously. Samples were then obtained at 0.5, 1, 2, 6, 12, 24, and 36 h. Daily blood samples were obtained during the next 2 wk. Patients stayed in the Clinical Research Center for at least the first 36 h after injection of tracers. Afterwards, they returned daily for additional fasting blood samples. Subjects consumed the AHA Step 1 diet during their stay in the GCRC and were instructed to continue that diet while completing the study as outpatients. Dietary compliance was monitored closely throughout the study by frequent meetings between the research dietitian and the participants. All subjects received a saturated solution of potassium iodide twice daily, starting the day before tracer injections and continuing throughout the study period to prevent thyroidal accumulation of radioiodine.
At the end of the study, plasma obtained from each blood sample was subjected to sequential ultracentrifugation in a 50.3 Ti rotor to isolate HDL (22) . First, VLDL, intermediate density lipoprotein, and LDL were removed together by ultracentrifugation at 39,000 rpm for 24 h at d = 1.063. This was followed by a second centrifugation at the same density. HDL (d = 1.063-1.2 10) was then isolated by ultracentrifugation at 39,000 rpm for 48 h at d = 1.2 10. The isolated HDL was further purified by recentrifugation at the same density for 24 h. '3'Iapo A-I-HDL radioactivity in aliquots of HDL was determined by gamma counting, HDL protein concentration was assayed by the method of Lowry et al. (23) , and the exchange-labeled specific radioactivity of HDL apo A-I in each sample was calculated. An aliquot of each HDL sample was also delipidated, redissolved in 6 M urea, and apo A-I isolated from other apolipoproteins by fast performance liquid chromatography (FPLC) (7, 24) . FPLC purification of apo A-I was necessary for specific radioactivity determinations from whole-labeled HDL because several apolipoproteins were labeled by the ICI method. The pooled fractions of pure apo A-I were counted, protein concentrations were determined, and whole-label specific radioactivity of HDL apo A-I was calculated. The specific radioactivity data were then used to estimate the FCRs of exchangeand whole-labeled HDL apo A-I, using a two-pool model for each tracer (7) , with the proviso that the two models would have the same kinetics for noncirculating HDL (in the extravascular pool). Radioactivity in the d > 1.210 fraction as a percent of total plasma radioactivity was examined to assess dissociation of apo A-I from HDL that had been isolated from subjects with low versus high HDL cholesterol concentrations. In addition, we measured apo A-I mass in the d > 1.210 fraction as a percent of HDL apo A-I mass.
Two variations of this protocol were carried out. First, the tracers were reversed in two subjects with low HDL cholesterol levels, so that 125I was used for the exchange-labeled tracer and '3'I was used for the whole-labeled tracer. This was done to determine ifthere was a "tracer effect" (25) that might account for any differences observed in FCRs. Next, a subject with a low HDL cholesterol level was injected with one exchange-labeled tracer prepared with homologous apo A-I as described above. This individual, however, also received an injection ofa second exchange-labeled tracer that had been prepared using the subject's own purified apo A-I. A 20-fold greater mass of autologous apo A-I was labeled compared with homologous apo A-I. This variation of the protocol was undertaken to see if using autologous versus homologous apo A-I resulted in differences in FCRs. As the two tracers had widely differing specific activities, this protocol also allowed us to determine if radiation damage ofa high specific activity tracer could explain the differences observed between the FCRs of the two tracers.
In vitro studies. To further assess any possible effects of 125I versus 1311 on the outcome of the in vivo studies, a long-term in vitro incubation protocol was designed. HDL was both wholeand exchange-labeled with both 1251 and 131I, thus creating four separate tracers. Two separate incubations were performed with plasma from subject 9, using '3'I whole-labeled tracer and 1251 exchange-labeled tracer in one incubation and 1251 whole-labeled tracer and 13'I exchange-labeled tracer in the other. The incubations were carried out at 37°C for 2 wk. Every 2 d, an aliquot was taken from each incubation and subjected to ultracentrifugation at d: 1.210 for 24 h. Radioactivity in the d < 1.210 and d > 1.210 fractions was examined to assess any radiation damage to particles that might have occurred over the 2-wk period.
Kidney perfusion studies. Renal uptake of apo A-I was studied using kidneys isolated from New Zealand white rabbits and perfused according to the method of Maack (26) . The kidney perfusate contained 7.5% albumin in Krebs-Henseleit buffer and 6 mM glucose, 4 mM creatinine, 0.05 mM methionine, 2 mM alanine, 2 mM glycine, 2 mM serine, 1 mM arginine, 2 mM proline, 1 mM isoleucine, and 3 mM aspartic acid. There were no erythrocytes, and the partial pressure of02 was maintained by continuous aeration of the buffer with a 95% oxygen-5% carbon dioxide mixture. The hydrostatic pressure ofthe perfus-ate as it entered the kidney was continuously monitored using a polygraph (model 7, Grass Instrument Co., Quincy, MA) and the flow rate ofthe perfusate was adjusted to maintain the pressure at 90 mmHg. By maintaining a perfusion pressure that approximates the in vivo situation, we assumed that the hydrostatic pressure within the glomerulus was also similar to that present in vivo.
Whole-labeled '25I-HDL (d = 1.063-1.2 10) from subjects with low or high HDL cholesterol levels was first incubated with excess VLDL for 24 h at 370C. This allowed exchange of labeled HDL apo Cs and apo E for unlabeled apolipoproteins in VLDL. The reisolated '25I-HDL, enriched in radiolabeled apo A-I (> 80% ofthe total radioactivity as determined by SDS-PAGE), was injected into the perfusate and aliquots ofvenous effluent were collected at 5 and 30 min. After 30 min the kidney was washed with 5 vol offresh perfusate to rinse out nonspecifically associated label. The kidney was then weighed and sections of renal cortex were cut out for gamma counting. Uptake of apo A-I by the kidney was quantified by determining the radioactivity in the cortex, expressed per g tissue. This value was normalized to initial radioactivity in the perfusate. Radiolabeled retinol binding protein (RBP), which is filtered and catabolized by the kidney, was used as a control for glomerular function in each experiment.
Modification ofHDL. The effects of triglyceride enrichment and lipase treatment on uptake ofHDL apo A-I by the isolated kidney were also studied. Radiolabeled HDL (d = 1.063-1.210) preparations obtained from subjects with high HDL cholesterol levels were incubated with VLDL for 24 h at 37°C to diminish apo C and apo E labeling. The HDL was reisolated by ultracentrifugation and incubated a second time for 24 h at 37°C with VLDL and d > 1.210 fraction (as a source of cholesteryl ester transfer protein [CETP]). The triglyceride-enriched HDL was reisolated by ultracentrifugation and incubated a third time for 24 h at 37°C in the presence or absence of purified LPL (27) and HTGL (28) . After one final reisolation by ultracentrifugation, the modified HDL was injected into the isolated kidney perfusion system as described above. Control HDL and triglyceride-enriched HDL, which were prepared identically to modified HDL except that they were not exposed to lipases, were studied in separate kidney perfusions.
We also assessed the effects oftriglyceride enrichment and lipolysis on the association of apo A-I with HDL. HDL from subjects with high levels of plasma HDL cholesterol that had or had not been triglyceride enriched was incubated in the presence or absence of partially purified lipases as described above. LPL, HTGL, or the combination ofthe two lipases were used in these incubations. The unmodified or modified HDL was then subjected to ultracentrifugation at d = 1.2 10 for 24 h. Radioactivity in the d < 1.210 and d> 1.2 10 fractions was examined to assess if any of the modifications affected the degree to which apo A-I remained bound to HDL particles.
Assays. Plasma and lipoprotein triglyceride and cholesterol levels were determined using enzymatic methods on an automated spectrophotometer(ABA-100; Abbott Laboratories, Chicago, IL). Ourlaboratory is standardized by the Centers for Disease Control and we participate in their ongoing quality control program. Apo A-I was measured by radioimmunoassay in plasma, HDL, and d > 1.2 10 fractions (7) . Our laboratory participated in the Centers for Disease Control apoprotein assay standardization study (29) .
Statistics. Comparisons between whole-and exchange-labeled tracers were made using paired t tests. Comparisons between groups with low and high HDL cholesterol levels were made using unpaired t tests.
Results
Subjects. The clinical characteristics of the study patients are depicted in Table I . All subjects were males. The average age of the low HDL cholesterol group was 42 yr; the average age of three subjects with high HDL cholesterol levels was 35 yr. The group with low HDL cholesterol had a greater mean percent ideal body weight than the high HDL cholesterol group ( 1 12.8±16.3 vs. 94.1±12.7%) Plasma lipids at the time of referral to our clinic or at the time ofrecruitment for the study are also presented in Table I . By design, all of the subjects in the low HDL cholesterol group had values below the 25th percentile for their age whereas subjects in the high HDL cholesterol group had values above the 90th percentile for their age. Mean HDL cholesterol concentrations were 31±4.3 and 72±4.5 mg/ dl in the two groups (P < 0.0001). Although total and LDL cholesterol values were similar in each group, triglyceride measurements were higher in the group with low HDL cholesterol (372±275 vs. 92±24 mg/dl; P < 0.03 using log values).
The mean lipid values for each patient during the study period are depicted in Table II . There was significant variation during the study period only in the measurements of plasma triglycerides in subjects with significant hypertriglyceridemia. The concentration of HDL triglyceride was similar in both groups of subjects (data not shown). Since the HDL cholesterol concentration was significantly lower in the subjects with low HDL levels, their HDL particles were relatively triglyceride enriched compared with the HDL present in the subjects with high HDL levels. HDL turnover studies. The data were fitted adequately by a separate two-pool model for each tracer, with the constraint that the two tracers shared a single noncirculating pool. The mean residual errors of the fits ranged from 5.4 to 17.2% (mean±SD = 10.5±3.7%) for the whole tracer and 4.2 to 1 1.4% (6.7±2.2%) for the exchange tracer. The adequacy ofthe six-parameter model was tested by fitting the data with an eight-parameter model allowing the noncirculating pools to be different for the two tracers. The fits of the data were not improved significantly, with the mean residual errors averaging 10.2±3.9% for the whole tracer and 6.2±2.4% for the exchange tracer. These data support the assumption of identical noncirculating pools and, in turn, validate the dual-tracer approach.
Because our hypothesis assumes that there are really two pools of circulating apo A-I, one that is exchangeable and one that is nonexchangeable, we also attempted to determine the proportion of total apo A-I that is present in each pool. To a first approximation, the partition of apo A-I would be described by the following:
where fis the fraction of apo A-I that is exchangeable and the subscripts E and NE refer to exchangeable and nonexchangeable apo A-I, respectively. We know the whole tracer FCR, and the exchange tracer FCR is a measure ofFCRE. FCRNE cannot, however, be determined without knowledge of the exchangeable fraction,f. When we attempted to estimate fby fitting the whole tracer data with a four-pool model (two pools of exchangeable apo A-I as determined by the exchange tracer, two pools of nonexchangeable apo A-I and identical noncirculating pools), we could not improve the fit nor could we estimate uniquely the value off. We concluded that it was not possible to partition the whole tracer FCR and estimate nonexchange-~0 able apo A-I FCR uniquely. We can state that the nonexchangeable apo A-I FCR is smaller than the whole tracer FCR (since exchangeable apo A-I FCR is greater than whole tracer FCR), and that the greater the proportion ofapo A-I that is exchangeable, the smaller the nonexchangeable apo A-I FCR.
Parameters describing HDL apo A-I metabolism are depicted in Fig. 1 . In every subject, whether in the low or high HDL cholesterol group, the FCR of the exchange-labeled tracer was greater than the FCR of the whole-labeled tracer (Table III) . The exchange-labeled FCR (mean±SD) was higher in the low HDL cholesterol group (0.339±0.043 d-') than in the high HDL cholesterol group (0.234±0.047 d-'; P < 0.009). Similarly, the whole-labeled FCR was greater in the low HDL cholesterol group (0.239±0.023 d-) than in the high HDL cholesterol group (0.161±0.064 d-1; P < 0.02). These findings indicate that exchange labeling of HDL resulted in a tracer that described the kinetics of a more rapidly removed pool of apo A-I and that individuals with low levels of HDL cholesterol had a greater proportion of their total apo A-I in this pool. The radioactivity recovered in the d > 1.210 fraction in several of the turnover studies, calculated as a percent of total plasma radioactivity, is shown in Fig. 2 . In every patient, whether from the low or high HDL cholesterol group, there was more radioactivity in the d > 1.210 fraction derived from the exchange-labeled than from the whole-labeled tracer (12.55 ±4.95 vs. 1.02±0.38%; P < 0.003). In addition, there was significantly more exchange-labeled d > 1.210 radioactivity in the low HDL cholesterol ( 16.5±3.6%) than in the high HDL cholesterol group (8.6±1.0%; P < 0.02). There was also more than a twofold greater proportion ofapo A-I, measured by radioimmunoassay in the d > 1.210 fraction and reported as a percentage of HDL apo A-I concentration, in the low versus the high HDL cholesterol groups ( Fig. 3 and Table III ). These data provide further evidence that exchange-labeled apo A-I traces a more easily dissociated pool of apo A-I and that this pool makes up a greater proportion oftotal apo A-I in subjects with low levels of HDL cholesterol than in subjects with high HDL cholesterol concentrations.
To exclude a role for "isotope effects" in the outcomes of these in vivo experiments, in which "3'I exchange-labeled tracers and 125I whole-labeled tracers were used in most of the studies, we carried out two turnover studies (subjects 2 and 4) with the tracers reversed. The HDL apo A-I FCRs ofthese two subjects with low HDL cholesterol levels fell well within the range ofthe rest ofthe group. In each case the exchange-labeled tracer was removed more rapidly than the whole-labeled tracer and the difference between the FCRs in subjects 2 (A = 0.68d-') and 4 (A = 0.13 1d-') were comparable to the mean difference between the FCRs of the two tracers for the entire group with low HDL cholesterol levels. In addition, because we used a single homologous apo A-I preparation that was labeled to a high specific activity for each ofthe exchange-labeled studies, we carried out one study with both homologous and autologous exchange-labeled tracers. The FCRs of two exchange-labeled tracers (using both homologous and autologous apo A-I with a ratio ofspecific activities > 10:1 ) that were injected into one subject with a low HDL cholesterol concentration were virtually identical; the autologous and homologous HDL apo A-I FCRs were both 0.26 pools per day. Table III .
In vitro studies. The results of the study comparing the percent of exchangeand whole-labeled HDL tracers isolated in d > 1.2 10 after incubation at 370C for up to 2 wk are depicted in Table IV . There were no reductions in the amount of radioactivity isolated in the top 1 ml (d < 1.210 fraction) over the 2-wk period ofincubation. In addition, there were no significant differences between tracers. Although there was slightly more exchange-labeled '3'I tracer radioactivity in the d> 1.210 fraction compared with the other three tracers, this difference was slight and it remained constant over the 2-wk period.
These results indicate that the in vivo observations did not result from methodological artifacts related to labeling techniques or isotope effects.
Kidney perfusion studies. The data from the kidney perfusion studies, presented as cpm per g cortex, are depicted in Fig.  4 . Twice as much apo A-I radioactivity accumulated in the rabbit kidney cortex during perfusion of HDL isolated from subjects with low HDL cholesterol levels (1.07±0.31 x 104 cpm/g cortex) compared with that accumulated during perfusion of HDL from individuals with high HDL cholesterol concentrations (0.54±0.1 x 104~cpm/g cortex; P < 0.0025). After the kidneys were perfused and washed, the final amount of radioactivity in the effluent averaged 1.2% of that in the initial perfusate. In one experiment, a > 10-fold greater amount of tracer was added to the perfusate and the percent of renal cortical uptake was similar to all other studies. Therefore, at the amounts of tracer used in the experiments depicted in Fig. 4 , renal uptake was not saturated. Finally, uptake and accumulation of retinol binding protein was similar in all experiments.
Modification of HDL. Renal uptake of control, triglyceride-enriched, and hydrolyzed triglyceride-enriched HDL is shown in Fig. 5 . When the triglyceride-enriched HDL, which had been exposed to both partially purified LPL and HTGL, was added to the kidney perfusate, three times the apo A-I accumulated in the cortex compared with the unmodified prep aration (1.7±0.8 x 104 VS. 0.54±0.1 >x 104 cpm/g cortex; P < 0.007). Triglyceride enrichment of HDL alone did not affiect uptake significantly (0.74±0.3). These results paralleled those obtained when we perfused HDL from individuals with low and high HDL cholesterol levels and suggest that triglyceride- 0  1  91  92  92  83  2  6  5  6  9  3  3  3  2  8  3  1  87  88  92  88  2  10  9  6  9  3  3  3  2  3 Modified and unmodified HDL were also subjected to ultracentrifugation at d = 1.210 to determine whether the degree of dissociation of apo A-I was affected by triglyceride enrichment and lipolysis. The results are presented in Table V . Exposing unmodified HDL isolated from subjects with high HDL cholesterol levels to lipases did not alter the amount of radioactivity found in the d < 1.210 and d > 1.210 fractions. Similarly, triglyceride enrichment alone did not affect the distribution of radioactivity. However, when triglyceride-enriched HDL was exposed to LPL, significantly more radioactivity was found in the d > 1.210 fraction. This effect was increased by using a combination ofLPL and HTGL. Therefore, triglyceride enrichment ofHDL followed by incubation with LPL or the combination of LPL and HTGL resulted in the greatest dissociation of apo A-I in the ultracentrifuge.
The different modified HDL preparations used in the ex-
Low HDL-C High HDL-C (n=6) (n=6) Figure 4 . Results of kidney perfusion studies in which kidneys isolated from rabbits were perfused with whole-labeled '25I-HDL from subjects with low or high levels of HDL cholesterol. Accumulation of apo A-I in the kidney was quantified by determining the radioactivity in the cortex, expressed per g tissue, normalized to initial radioactivity in the perfusate. *P < 0.0025, low vs. high HDL cholesterol group. periment described above were examined for size differences by gel filtration on a Sephadex G-150 column. Fig. 6 compares the gel-filtration pattern of triglyceride-enriched HDL that had been exposed to both lipases with control HDL. The modified HDL was significantly smaller than the unmodified preparation. No clear peak eluting from the Sephadex G-150 column at a size consistent with free apo A-I was noted, however. Similar reductions in HDL size after triglyceride enrichment and lipase-induced hydrolysis were demonstrated on nondenaturing gels (data not shown).
Discussion
Individuals with low plasma levels of HDL cholesterol almost uniformly have concomitant reductions in plasma levels ofapo A-I, the major apolipoprotein in HDL. Although the majority of individuals with low levels of apo A-I have increased frac- Figure 5 . Results of kidney perfusion studies using unmodified or modified HDL. HDL from subjects with high levels of plasma HDL cholesterol that had or had not been triglyceride enriched was incubated in the presence or absence of partially purified LPL and HTGL. The HDL preparations were then perfused through kidneys isolated from rabbits. Accumulation of apo A-I in the kidney was quantified by determining the radioactivity in the cortex, expressed per g tissue, normalized to initial radioactivity in the perfusate. *P < 0.007, hydrolyzed TG-enriched HDL vs. control HDL. HDL from subjects with high levels of plasma HDL cholesterol that had or had not been triglyceride enriched was incubated in the presence or absence of partially purified lipases. LPL, HTGL, or the combination of the two lipases were used in these incubations. The unmodified or modified HDL was then subjected to ultracentrifugation at d = 1.2 10 for 24 h. Radioactivity in the d < 1. Figure 6 . Results of Sephadex G-1 50 column elution. Regular line represents unmodified HDL; heavy line represents triglycerideenriched HDL exposed to both LPL and HTGL. Results indicate that TG enrichment followed by lipolysis results in a reduction in size of HDL.
spectrum of affinities and that individuals with low plasma HDL cholesterol levels would have a greater proportion oftheir apo A-I in an easily dissociable state.
To test this hypothesis, we chose a dual-tracer approach to study HDL apo A-I metabolism in subjects with low and high levels of plasma HDL cholesterol. Whole labeling of HDL was used to label all ofthe apo A-I molecules on each HDL particle; exchange labeling of HDL was used in an attempt to preferentially label the least tightly bound, most easily dissociable apo A-I molecules. In this manner we hoped to simultaneously trace the average kinetics of all HDL apo A-I (whole-labeled tracer) and the specific kinetics of loosely bound HDL apo A-I (the exchange-labeled tracer). It was not clear initially if we could achieve this goal, however, because the tracers might, over the course of the 2-wk study, become more like each other. Thus, as HDL particles were constantly remodeled in vivo, some exchange-labeled apo A-I molecules might become less dissociable and the exchange-labeled tracer would come to resemble the whole-labeled tracer. Although some remodeling of the exchange-labeled tracer most certainly occurred, our demonstration that the exchange-labeled FCR was significantly higher than whole-labeled FCR in every subject studied, whether they had high or low plasma HDL cholesterol concentrations, indicated that remodeling was not fast enough to overcome the initial differences in the two tracers. Similarly, in all subjects, ultracentrifugation of plasma at d = 1.210 was associated with greater dissociation of exchange-labeled apo A-I from HDL particles than of whole-labeled apo A-I. These results supported the view that we would be able to distinguish between pools of apo A-I with different physical and biological characteristics by our dual-labeling approach.
The test of our hypothesis was, therefore, if the different tracers would distinguish between our two subject groups. Our observation that the exchange-labeled FCRs were significantly higher in the low versus the high HDL cholesterol group indicated that a greater proportion ofexchange-labeled apo A-I was in an exchangeable state throughout the sampling period in the former group ofsubjects. The greater whole-labeled FCR in the low versus the high HDL cholesterol group provided further support for the view that more apo A-I molecules were in an exchangeable, more easily dissociable state in the group with low HDL cholesterol concentrations.
Additional support for our hypothesis derived from the observation that although the proportion of apo A-I dissociating from HDL during ultracentrifugation of exchange-labeled tracer was much greater than that ofwhole-labeled tracer in all subjects, this difference was more pronounced in the low versus the high HDL cholesterol group. Thus, the two HDL tracers demonstrated differences between the two subject groups that were compatible with the hypothesis that individuals with low levels ofHDL cholesterol have a greater proportion oftheir apo A-I in an easily dissociable form. This conclusion is supported further by the finding of a greater proportion of HDL apo A-I measured by radioimmunoassay in the d > 1.210 fraction in the low versus the high HDL cholesterol groups.
Several groups of investigators have compared the catabolism of whole-and exchange-labeled HDL, and published results are conflicting. Shepherd et al. (31 ), studying three subjects, also found higher FCRs with exchange-labeled compared with whole-labeled HDL when they used radiolabeling protocols similar to those we used in the present studies. In contrast, Schaefer et al. (32) found no differences between exchange-and whole-labeled tracer FCRs in two subjects when the exchange-labeled particles were generated in vivo by injection of radiolabeled apo A-I directly into plasma as radiolabeled autologous apo A-I. More recently, Vega et al. (33) studied 11 individuals with a range of HDL cholesterol levels and found no difference in apo A-I FCRs after injecting whole-labeled HDL and radiolabeled autologous apo A-I into subjects. Vega et al. labeled 1 mg of apo A-I, which is much more mass than is usually labeled in such studies (we routinely labeled 20 jig of apo A-I), and suggested that reduced radiation damage oftheir exchange-labeled tracer accounted for the differences between their results and those of Shepherd et al. (31 ) (and, by inference, our results). These authors also argued that differences between homologous and autologous apo A-I molecules might result in differences in the FCRs of whole-and exchange-labeled tracers. In one of our patients, we used both homologous and autologous apo A-I to create two separate exchange-labeled tracers. We radiolabeled -20 ,g of homologous apo A-I and 500 jug of autologous apo A-I. The FCRs of the two exchange-labeled tracers were identical in this subject. We believe, therefore, that neither the source ofapo A-I nor radiation damage played a role in the differences we observed in the rest of our subjects between the apo A-I FCRs determined with whole-and exchange-labeled tracers.
A potential reason for the difference between our results and those ofVega et al. (33) may derive from the methods used to isolate HDL. Vega et al. used HDL of d = 1.090-1.210 for direct, whole-radiolabeling, whereas we used the whole spectrum of HDL from d = 1.063 to d = 1.2 10. We have observed by nondenaturing gels that exchange labeling preferentially labels smaller HDL (data not shown) whereas direct, whole labeling appears to label all HDL size populations. It is possible, therefore, that Vega et al., by isolating HDL at d = 1.090-1.210, whole labeled a population of small HDL particles that was similar to the population preferentially labeled when they injected pure apo A-I tracer intravenously. This conclusion is supported by the presence of a high percentage of radioactivity in the d> 1.210 fraction derived from the whole-labeled tracer in their studies; that percent was similar to what we observed in the present studies with our exchange-labeled tracer and to what was reported by Brinton et al. (30) who injected radiolabeled apo A-I directly in their investigations. In contrast, we observed much less radioactivity in d > 1.210 from our wholelabeled HDL tracers.
Could the differences between the two tracers in vivo be due to an isotope effect? We began our studies using '"'I for exchange labeling because the much longer half-life of '25I was better suited to the time-consuming isolation of apo A-I from the whole-labeled tracer by FPLC. Khouw et al. (25) recently described studies in which '31I-LDL injected into guinea pigs had greater FCRs than 125I-LDL, and the difference between isotopes increased if more time was allowed to pass between labeling and injection of tracer. Hence, radiation damage to HDL labeled with "'3I could have been the basis for higher FCRs and increased radioactivity in d > 1.210 observed with the exchange-labeled tracers in our studies. We tested for this effect by reversing the isotopes in two subjects. The results indicated that there was no significant isotope effect in our studies. In addition, we always reisolated the exchange-labeled tracer by ultracentrifugation and injected it within 24 h oflabeling to insure against artifacts associated with damaged particles. Finally, our in vitro incubation studies, in which we used each isotope to both whole and exchange label HDL, did not demonstrate any significant differences between the association ofdifferentially radiolabeled apo A-I to HDL particles.
If accelerated apo A-I catabolism in individuals with low HDL cholesterol levels occurs because a greater proportion of their apo A-I molecules is more loosely associated with HDL particles, why is this so? Furthermore, if "free" apo A-I is rapidly cleared from plasma, is it taken up by any particular organ or tissue? To address these questions, we carried out a series of studies using an isolated kidney perfusion system. HDL apo A-I from subjects with low HDL cholesterol levels was taken up to a greater extent by the kidney than HDL apo A-I from high HDL cholesterol subjects. In addition, when HDL isolated from individuals with high plasma levels of HDL cholesterol was triglyceride enriched and subjected to hydrolysis by LPL and HTGL, more apo A-I was removed by the kidney. The results of the kidney perfusion studies with modified HDL were consistent with our observation that more radioactivity was found in the d> 1.210 fraction when triglyceride-enriched hydrolyzed HDL (originally isolated from subjects with high HDL cholesterol levels) was subjected to ultracentrifugation. Together, these results suggest that individuals with low plasma levels of HDL cholesterol, who also have small, relatively triglyceride-enriched HDL particles, have more "free" apo A-I available to be cleared by the kidney.
The role of the kidney in apo A-I metabolism was first noted by Glass et al. (8) who directly labeled whole HDL with the "trapped ligand" '251-tyramine-cellobiose and showed that accumulation of the tracer was proportional to the labeling of apo A-I on the particles. In that study (8) the authors also demonstrated the presence of immunoreactive apo A-I in tubular epithelial cells. In a later report, Glass et al. (9) reported that the rat kidney could accumulate apo A-I without necessarily taking up the entire HDL particle. Saku et al. ( 16) demonstrated that isolated kidneys could filter and reabsorb apo A-I. All of these results support the view that free apo A-I, rather than whole HDL, is cleared by the glomerulus and degraded by tubular cells. More recently, we demonstrated that monkeys made acutely hypertriglyceridemic by inhibition of LPL developed marked reductions in HDL cholesterol and apo A-I levels and that increased apo A-I radioactivity was accumulated in the kidneys of those animals after injection of whole-radiolabeled HDL (19) . Neary and Gowland reported increased plasma free apo A-I in individuals with either renal disease ( 15) or hypertriglyceridemia ( 11) .
Our studies suggest that increased renal clearance of apo A-I occurs when HDL that is cholesterol depleted and relatively enriched in triglycerides interacts with plasma LPL and/ or HTGL. We believe that the reduction in HDL size resulting from such interactions leads to increased apo A-I dissociation from HDL. Although, under our in vitro conditions, we were able to demonstrate a reduction in HDL size after hydrolysis of triglyceride-enriched particles with lipases, we did not find free apo A-I by gel filtration. Clay and colleagues (34) have demonstrated the generation of free apo A-I from HDL, using slightly different incubation conditions. It is interesting that in our studies we achieved significant effects only when both LPL and HTGL were used in the incubations. Less effect was attained with LPL alone, and virtually no effect was observed when we used HTGL alone. In serum, which included VLDL as a source of triglyceride, rather than with isolated, triglyceride-enriched HDL. Therefore, the presence of VLDL and/or other factors in serum might be required for the complete dissociation of apo A-I from HDL. Nonetheless, the observation that triglyceride-enriched HDL that has been exposed to lipase is smaller than unmodified HDL has been consistent.
In conclusion, we believe that the present studies show that individuals with low plasma levels of HDL cholesterol have increased apo A-I FCRs because they have an increased pro- This results in a distribution of HDL particles that favors cholesteryl ester-enriched HDL. Since apo A-I is more tightly bound to cholesteryl ester-enriched particles there will be less apo A-I in an easily dissociable pool that can be catabolized by the kidney. Total apo A-I FCR will be low, apo A-I levels will be increased, and there will be more HDL particles in the circulation. (B) In individuals with high plasma levels of triglyceride-rich lipoproteins there is increased CETP-mediated exchange of core lipids. This results in a distribution of HDL particles that favors cholesteryl ester-depleted HDL. Since apo A-I is less tightly bound to cholesteryl ester-depleted particles, there will be more apo A-I in an easily dissociable pool that can be catabolized by the kidney. Total apo A-I FCR will be high, apo A-I levels will be decreased, and there will be fewer HDL particles in the circulation. portion of their HDL apo A-I in a more easily dissociable pool that can be more rapidly cleared by the kidney. In Fig. 7 , a schema of HDL apo A-I metabolism is proposed to explain differences between individuals with high ( Fig. 7 A) or low ( Fig. 7 B) plasma concentrations of HDL cholesterol. Individuals with low plasma levels of HDL cholesterol have increased CETP-mediated exchange of HDL cholesterol ester for VLDL triglyceride, which results in a triglyceride-enriched HDL that is an excellent substrate for HL and/or LPL. After hydrolysis of core triglyceride, apo A-I binds less well to the surface ofthe particle. Whether this lipid-depleted HDL can be characterized by its size or buoyant density (HDL2 vs. HDL3), by its specific apolipoprotein composition (apo A-I only vs. apo A-I:apo A-II), or by its electrophoretic mobility (alpha vs. prebeta) remains to be determined. In any event, our data indicate that this loosely bound apo A-I more readily dissociates from HDL and is available for rapid clearance from plasma via glomerular filtration. Support for this conclusion can be found in reports by both Neary and Gowland ( 1) and Schonfeld et al. ( 12) of increased free apo A-I in plasma from individuals with hypertriglyceridemia. Future research will be aimed at determining if a particular HDL subclass is characterized by loosely bound, easily dissociable apo A-I and at more clearly discerning the physical and/or chemical alterations that allow a greater proportion of apo A-I to exist in that state.
